© springer-Verlag Berlin heidelberg 2014 fear conditioning. the results of this study show, for the first time, that lesions within the dorsal part of the subcoeruleus nucleus (subcD), which were unintentionally caused by the implantation of bipolar recording electrodes, impair consolidation of context-associated fear conditioning memory. together, the results of these experiments suggest that emotional memory processing associated with fear conditioning can be completed successfully within less than a normal amount of sleep, but it requires a structurally and functionally intact subcD, an area in the brain stem where phasic pontine wave (P-wave) generating cells are located.
Introduction
an impressive number of studies in both animals and humans have shown that sleep plays an important role in memory consolidation within multiple memory systems including that of emotional memory (smith 1995; Bjorness et al. 2005; hu et al. 2006; Wagner et al. 2006; Walker and stickgold 2006; Datta 2010; Diekelmann and Born 2010; Poe et al. 2010) . Emotional memories of fearful experiences can lead to enduring alterations in behavior, and many investigators have hypothesized that sleep plays a regulatory role in these fearful memories and emotional reactivity (lavie 2001a, b; Koren et al. 2002; Rosaleslagarde et al. 2012) . Impaired regulation of emotional memory, especially fear memory, which involves remembering contexts that signal safety or threat, is a core symptom of a number of neuropsychiatric disorders, including anxiety disorders, depression, and schizophrenia (lavie Abstract the neurobiological mechanisms of emotional memory processing can be investigated using classical fear conditioning as a model system, and evidence from multiple lines of research suggests that sleep influences consolidation of emotional memory. In rodents, some of this evidence comes from a common finding that sleep deprivation from 0 to 6 h after fear conditioning training impairs processing of conditioned fear memory. here, we show that during a 6-h session of sleep-wake (s-W) recording, immediately after a session of context-associated fear conditioning training, rats spent more time in wakefulness (W) and less time in slow-wave sleep (sWs) and rapid eye movement (REM) sleep. this context-associated fear conditioning training-induced reduction in sWs lasts for 2 h, and the REM sleep reduction lasts throughout the entire 6-h post-training s-W recording period. Interestingly, these reductions in sWs and REM sleep during this 6-h period did not impair memory consolidation for context-associated 2001a, b; anderson and Insel 2006; Beck 2008; Walker and van der helm 2009; Kring and caponigro 2010) . It is evident that in healthy individuals, adequate sleep is beneficial for processing emotional memories hu et al. 2006; holland and lewis 2007; Baran et al. 2012; Diekelmann and Born 2010) , and in individuals with the major neuropsychiatric disorders listed above, such processing is severely impaired (Mandal et al. 1998; charney 2004; lissek et al. 2005; Rauch et al. 2006; soliman et al. 2010) . to understand the underlying pathophysiological mechanisms that impair sleep-associated beneficial effects on emotional memory regulation in these neuropsychiatric disorders, it is important to examine the changes in s-W activity at the time of emotional memory consolidation.
a large number of studies in both humans and animals have used a classical fear conditioning (both cued and contextual) paradigm to study the mechanisms of emotional memory processing (leDoux 1992 (leDoux , 2002 Mahan and Ressler 2011; Pattwell et al. 2012) . Fear conditioning occurs when an emotionally neutral stimulus comes to be associated with an inherently aversive experience, thereby acquiring the capability of evoking a fearful response on its own. the aversive experience itself is termed as an unconditioned stimulus (Us; such as foot-shock). the initially neutral stimulus, which becomes associated with the aversive experience, is termed as a conditioned stimulus (cs; such as context and/or cue, light or tone), and the subsequent response to it is referred to as a conditioned response (cR; such as freezing behavior in rodents). the examination of the development of conditioned fear memory has proved an ideal starting point for studies of emotional memory for several reasons. First, fear learning occurs in nearly every animal group in which it has been examined including rodents and human (lazaro-Munoz et al. 2010; leDoux 2002; Ressler 2010; Rosenkranz et al. 2010 ). although we would not claim that the mechanisms are identical in all of these different species, it seems clear from studies to date that the pathways of fear are very similar in all mammals (Fendt and Fanselow 1999; leDoux 2002; Phelps and leDoux 2005) . since fear appears to be a well-conserved basic necessity for survival, fear conditioning studies done with rats bear relevance to the processes in humans as well. another advantage of this type of conditioning is that the stimuli most commonly used are not signals that rats encounter in their daily lives, helping to ensure that the animals have not already developed strong emotional reactions to them. By engendering new emotional reactions, we can be confident that we are looking at valid models of true learning and memory with minimal confounds from prior experience. another benefit of these fear learning paradigms in rats is that they involve the amygdala, prefrontal cortex, and hippocampus (Morgan and leDoux 1995; Fendt and Fanselow 1999; Maren and Quirk 2004; Phelps and leDoux 2005; herry et al. 2006; heldt et al. 2007 ), but do not require complicated cognitive processing. consequently, these paradigms provide access to the neurobiological mechanisms of emotional memory processing in a relatively pure form with a low degree of cognitive complexity. a final key feature of fear learning paradigms is that they involve the ability to recognize and remember contexts that signal safety or threat-skills that are of particular interest because they are notably impaired in anxiety disorders (such as post-traumatic stress disorder, panic disorder, and phobias), depression, and schizophrenia (charney 2004; lissek et al. 2005; Rauch et al. 2006; soliman et al. 2010) .
the studies investigating the role of sleep in memory can be grouped into three main categories: (1) behavioral studies that have examined how different types of learning affect subsequent sleep architecture and how pre-or posttraining deprivation of total and/or specific sleep stages affects memory consolidation; (2) physiological studies that have investigated how neuronal transmission, activity, and plasticity are affected during different stages of sleep immediately after different types of learning; and (3) imaging, pharmacological, and biochemical-molecular studies that have examined the sleep state-specific changes occurring in the brain as a result of different types of learning training (for review and individual references, see smith 1985 , 1995 Datta 2006; Walker and stickgold 2006) . although a vast number of studies have examined the role of sleep in memory consolidation, few have examined the role of sleep in conditioned fear memory. human studies have used negative emotional stimuli as well as conditioned fear to demonstrate that the absence of post-training REM sleep impairs consolidation of emotional memories hu et al. 2006; Payne et al. 2008; Groch et al. 2013) . studies on mice and rats have shown that, immediately after fear conditioning, deprivation of REM sleep or total sleep for 4-6 h impairs conditioned fear memory consolidation (Graves et al. 2003; silva et al. 2004; Vecsey et al. 2009; Florian et al. 2011; Kumar and Jha 2012) . however, if the deprivation period is delayed by more than 6 h, then the consolidation of the conditioned fear memory is not impaired. Unfortunately, none of these studies recorded polygraphic signs of s-W activity during the consolidation of contextual fear memory, and none have accounted for the non-specific stress induced by the sleep deprivation. Nonetheless, these results could be interpreted as evidence that there is a sleep window for conditioned fear memory consolidation during which sleep deprivation can impair subsequent recall. In light of the gaps in the existing research, the aim of the present study was to use polygraphic recordings to examine the temporal changes in s-W stages, during a sleep window for conditioned fear memory consolidation, following contextual fear conditioning training.
Methods animals twenty-eight naive adult male sprague-Dawley rats (charles River laboratories, Wilmington, Ma, Usa), weighing between 250 and 350 gm each, were used in the experiments. Rats were housed individually at 24 °c on a 12/12 h light/dark cycle (lights on at 7:00 a.m.) with free access to food and water. Experiments were performed in accordance with the NIh Guide for the care and Use of laboratory animals and were approved by the Boston University animal care committee (aN-14085) . additional care was taken to ensure that any potential discomfort was eliminated and the number of animals used was minimized. to reduce additional stress that might be imposed by experimental handling, animals underwent a period of habituation during which they were handled gently daily for 15-20 min between 9:00 a.m. and 10:00 a.m., beginning 1 week prior to surgery and continuing up to the experimental recording sessions. twenty-two of these 28 animals were initially processed for an another study (Datta and O'Malley 2013) , but during their habituation polygraphic recording sessions, they did not exhibit pontine waves (P-waves) and thus were not used for that study. Interestingly, the absence of P-waves during REM sleep provided an important opportunity to use these animals for the present study. the other six rats were processed specifically for the completion of the present study.
surgical procedures all surgical procedures were performed stereotaxically under aseptic conditions. animals were anesthetized with pentobarbital (40 mg/kg, i.p; Ovation Pharmaceuticals, Deerfield, Il, Usa), placed in the stereotaxic apparatus and secured using blunt rodent ear bars, as described elsewhere (Paxinos and Watson 1997) . the appropriate depth of anesthesia was judged by the absence of palpebral reflexes and lack of response to tail pinch. core body temperature was maintained at 37 ± 1 °c with a thermostatic heating pad and a rectal thermister. In the 22 rats (which were initially prepared for the earlier study), cortical electroencephalogram (EEG), neck muscle electromyogram (EMG), hippocampal EEG (to record theta wave activity), and pontine EEG (to record P-wave activity) recording electrodes were chronically implanted to record behavioral states of vigilance, as described previously (Datta 2000) . the surgical procedures for the other 6 rats were identical to the initial 22 except that in these 6 rats, P-wave recording electrodes were not implanted. all electrodes were secured to the skull with dental acrylic, and the electrodes were attached to mini-connector pins and brought together in a plastic connector. Upon completion of the surgical procedure, animals received saline (5 cc, s.c.) to prevent dehydration, ampicillin (50 mg/rat, i.m.; Bristol-Myers squibb company, Princeton, NJ, Usa) to control potential postsurgical infection and buprenorphine (0.05 mg/kg, s.c; Ben Venue laboratories, Bedford, Oh, Usa) to control potential postoperative pain. Immediately after surgery, animals were placed in recovery cages and monitored for successful recovery from anesthesia and surgery as judged by purposeful movement and grooming behaviors.
Polygraphic recordings and determination of behavioral states to record cortical EEG, EMG, hippocampal EEG, and pontine EEG under free-moving conditions, each head plug was mated to a male connector attached to a commutator. signals from the commutator passed to a polygraph (Grass Model 15 Neurodata amplifier system, astro-Med, Inc., West Warwick, RI, Usa), located in the next room, via its electrode board. to identify experimental effects on sleep and wakefulness, polygraphic data were captured online in a computer using "Gamma" software (Grass product group, astro-Med, Inc.). One investigator, blinded to the treatment conditions, scored this captured data visually using "Rodent sleep stager" software (Grass product group). three behavioral states were distinguished: W, sWs, and REM sleep; these states were scored in successive 5-s epochs. the physiological criteria used to identify these s-W states are described in detail in an earlier publication .
adaptation recording session after 3-7 days of postsurgical recovery, rats were habituated to the experimenter, the sound-attenuating recording cage (electrically shielded: 76.2 × 45.7 × 45.7 cm), and the free-moving polygraphic recording (Grass Model 15) conditions for 7-10 days. During these recovery and habituation periods, rats were housed in the same 12/12 h light/ dark cycle with free access to food and water. Rats were polygraphically recorded during these habituation sessions, which took place between 10:00 a.m. and 4:00 p.m., a time when the rats are normally sleeping. Baseline recordings for electrode testing and monitoring of daily variations in s-W activity were recorded during the 6-h habituation sessions. the last day of these adaptation recording sessions was determined when, for 3 consecutive days, day-to-day variation in the percentage of time spent in REM sleep was less than 5 % of the total amount of time spent in REM sleep. During these final 3 recording sessions, the pontine EEG data collected from the P-wave recording electrode were studied carefully to identify rats with or without good quality P-wave activity during REM sleep. all of these 22 rats produced very few or no P-waves during REM sleep.
contextual fear conditioning apparatus and training a standard testing chamber (30.5 × 24.1 × 21.0 cm; standard modular test chamber, ENV-008; sound-attenuating cubicle, ENV-022MD; Med associates, st. albans, Vt, Usa) constructed from aluminum and Plexiglas was used. the floor of the chamber consisted of 19 stainless steel rods (4 mm in diameter) spaced 1.5 cm apart, which were wired to a programmable shock generator and solid-state grid scrambler for the delivery of foot-shocks. this chamber was situated in a sound-attenuating cabinet, which itself was located in a brightly lit and isolated room. a ventilation fan in the cabinet provided fresh air and background noise (65 db), and a closed circuit video camera mounted inside the cabinet videotaped the behavior of the rat inside the chamber. Freeze responses were video-recorded and analyzed online using customized computer software (Med associates). Freezing behavior was defined as the absence of movement with the exception of breathing (sample rate: 30 frames/s; min freeze duration: 15 frames; % freezing in bin durations of 5 min; described earlier in huang et al. 2010).
the contextual fear acquisition procedure began with the transportation of naïve rats from their housing room to the behavioral testing room. Five minutes after arrival, rats were placed inside the testing chamber for 3 min of adaptation. Following adaptation, the foot-shock-receiving rats (n = 22 rats; rats implanted with P-wave recording electrodes) underwent 3 trials of shock exposure (1.0-min interval between trials), consisting of unannounced (no light or tone) 1-s scrambled foot-shocks (1.0 ma). One minute after the end of the last trial, rats were removed from the testing chamber. the procedure for the control rats (n = 6 rats; rats without P-wave recording electrode) was identical, except that no shock was administered. Each rat was alone inside the testing chamber for a period of 6 min (between 9:49 a.m. and 9:55 a.m.). the testing chamber was cleaned and disinfected with soapy water and chlorine dioxide disinfectant (MB-10, Quip laboratories, Wilmington, DE, Usa) before and after each use.
Post-training sleep-wake recording Immediately after contextual fear and control training, rats were removed from the fear conditioning chamber and transported (in their home cages) to the sleep recording chamber, located in the next room. animals were then transferred to the polygraphic recording chamber and then connected to the recording systems. these rats were then recorded for a 6-h period (between 10:00 a.m. and 4:00 p.m.) of undisturbed s-W activity, as described earlier (Datta and O'Malley 2013).
contextual fear memory testing approximately 24 h after fear acquisition, rats were brought to the behavioral testing room for fear memory testing. Five minutes after arrival (at 9:55 a.m.), each of the 22 fear-acquired rats and 6 control rats was placed singly in the testing chamber (original shocked context) for 5 min, without any shock. During this contextual fear memory testing, rat behavior was recorded and analyzed as the total percentage of freezing time in 5 min. Freezing is the most commonly used behavioral measure to assess fear during shock training or context/cue re-exposure. a greater percentage of freezing during contextual fear conditioning test is interpreted as stronger fear memory (Blanchard and Blanchard 1969; Doyere et al. 2000; choi et al. 2010; Peters et al. 2010 ).
histological localization of lesion sites in the brain stem at the end of fear memory testing, the rats with P-wave recording electrodes (n = 22 rats) were deeply re-anesthetized with pentobarbital (60 mg/kg, i.p.) and perfused transcardially with heparinized cold phosphate buffer (0.1 M, ph 7.4) followed by 4 % paraformaldehyde in 0.1 M phosphate buffer. the brains were then removed, and trimmed brain stem blocks (between anterior 2.5 mm and posterior 2.5 mm, in relation to the P-wave electrode track) were stored in sucrose saturated 10 % formalin solution for 24-48 h. the brain stem blocks were then cut in a transverse plane in 40-μm-thick serial sections using a cryostat. sections were then stained with cresyl violet, dehydrated, cleared, mounted, and coverslipped using Permount ® and processed for staining and histological localization of the P-wave recording electrode penetration track and lesion areas. the sections were examined under a microscope (Eclipse E800; Nikon corp., tokyo, Japan), and images were captured with a color ccD camera (Optronics, Goleta, ca) using Image-Pro Plus v5.1 imaging software (Media cybernetics, Inc. silver spring, MD, Usa). In the Nissl stained sections, the pontine nuclei and relevant landmarks were readily apparent and could be followed microscopically through serial sections. Electrode tracks were clearly evident as dense linear accumulations of glial cells and obvious, localized disturbance of the tissue immediately surrounding the electrode track (see Fig. 1a ). all nuclei and brain structures were identified using the rat brain atlas of Paxinos and Watson (1997) .
statistical analysis
Freezing data were tabulated as total percentage of time spent in freezing behavior in 5 min of fear memory testing. sleep-wake data were tabulated as described in our earlier publication . Results are presented as means ± sD. statistical significance was assessed using a one-factor or two-factor aNOVa followed by a post hoc Bonferroni multiple comparison test to determine the difference between groups. all statistical analyses were performed using GraphPad Prism statistical software (v5.0; GraphPad software, Inc., la Jolla, ca, Usa).
Results
In the baseline polygraphic recording session, before contextual fear conditioning memory, rats implanted bilaterally with pontine EEG recording electrodes (n = 22 rats), displayed good quality cortical and hippocampal EEG and neck muscle EMG activities during all stages of s-W cycle. If the tips of pontine EEG recording electrodes are within the P-wave generator zone, these electrodes record P-waves during REM sleep. But, in these animals, these pontine EEG recording electrodes failed to register any P-wave activity during REM sleep episodes. this absence of P-wave activity in the pontine EEG during REM sleep indicates that the tips of these P-wave recording electrodes were not within the P-wave generator zone. another possibility is that implanted electrodes may have damaged neurons within the P-wave generator zone. P-wave recording electrode implantation-induced histological changes histological examination revealed that eight of the 22 rats with P-wave recording electrodes sustained unintended bilateral damage to the subcD, a region that generates P-waves (Fig. 1) . In these eight animals, based on the electrode tracks and tissue damage, P-wave recording electrodes pierced through the P-wave generating zone and reached about 0.5-to 1.0-mm ventral to our intended target, the center of the P-wave generator (in relation to stereotaxic "0"-posterior 0.5-0.9; lateral: 1.1-1.6; horizontal/dorsoventral: 2.0-1.0). since these electrodes pierced through the center of the P-wave generating zone, they damaged most of the neurons that generate P-wave activity during REM sleep. In contrast, in 6 other animals, the tip of the P-wave electrodes did not reach the P-wave generator zone-the tip of those electrodes remained 0.5-0.8 mm above the dorsal extent of P-wave generator. In two animals, electrodes were slightly anterior (0.5-1.1 mm) to the P-wave generator; in two animals, electrodes were slightly posterior (0.5-0.9 mm) to the P-wave generator; and in another four animals, electrodes were slightly medial and lateral to the P-wave generator. In summary, in 8 of the P-wave electrode implanted rats, implantation of these electrodes caused tissue damage within the P-wave generator, and in another 14 P-wave electrode implanted rats, these electrodes damaged brain tissue in areas very close to the P-wave generator zone. Based on these histological analyses, these 22 animals were then divided into two groups: (1) animals with subcD-lesion and 2) animals with lesions in areas close to but not within the subcD (Otherlesion). In addition to these two groups, another group of animals were chronically prepared for the s-W recording, but without P-wave electrodes. therefore, these animals had no lesion in the brain stem (No-lesion/control). hereafter, these animal groups will be labeled as "No-lesion/ control," "subcD-lesion," and "Other-lesion."
Effects of P-wave generator damage and contextual fear conditioning training on W, sWs, and REM sleep Before training trials, in the final 6-h baseline-recording session (last day of adaptation recording), the total percentages of time spent in W, sWs, and REM sleep were not significantly different (one-factor aNOVa) among Nolesion/control, subcD-lesion, and Other-lesion groups of animals. these results indicate that before contextual fear conditioning training, animals were initially equal in terms of time spent in W, sWs, and REM sleep for the final 6-h baseline-recording session (between 10:00 a.m. and 4:00 p.m.). additionally, the time to stabilize sleep during the baseline-recording period, after 3-7 days of postsurgical recovery, was comparable between No-lesion/control, subcD-lesion, and Other-lesion groups of animals. these results also suggest that the brain damage caused by the implantation of electrodes targeted for the P-wave generating site did not alter the time spent in W, sWs, and REM sleep for the final 6-h baseline-recording session.
to determine the effects of contextual fear conditioning training on W, sWs, and REM sleep, immediately after fear conditioning and control training, 6-h (between 10:00 a.m. and 4:00 p.m.) undisturbed s-W were analyzed from subcD-lesion, Other-lesion, and No-lesion/control group of animals. During these recording periods, the total percentages of time spent in W indicated significant (twofactor aNOVa) main effects of group (F (2,75) = 10.23, p < 0.001), time (F (2,75) = 323.3, p < 0.001), and group × time interaction (F (4,75) = 9.89, p < 0.001). During the first 2 h, compared with the No-lesion/control, subcD-lesion (t (13) = 7.14, p < 0.001; Bonferroni posttest) and Other-lesion (t (19) = 6.65, p < 0.001; Bonferroni post-test) animals spent significantly more time in W (Fig. 2a) , indicating that the contextual fear conditioning training increased W. however, a similar comparison revealed that the percentages of time spent in W during this first 2-h period after fear conditioning training were not significantly different between subcD-lesion and Other-lesion animals (t (21) = 0.45, p > 0.05; Bonferroni post-test), indicating that the contextual fear conditioning training increased W equally in subcD-lesion and Otherlesion animals. Unlike during the first 2 h, during the 2-to 4-and 4-to 6-h periods, the total percentages of time spent in W were comparable between No-lesion/control, subcD-lesion, and Other-lesion animals (Fig. 2a) . these results suggested that the increase in W induced by contextual fear conditioning training lasted only for the first 2 h. a two-factor aNOVa on the total percentages of time spent in sWs indicated a significant main effects of time (F (2,75) = 248.6, p < 0.001) and group × time interaction (F (4,75) = 14.15, p < 0.001). During the first 2 h, compared with the No-lesion/control, both subcD-lesion (t (13) = 5.94, p < 0.001; Bonferroni post-test) and Otherlesion (t (19) = 5.25, p < 0.001; Bonferroni post-test) animals spent significantly less time in sWs (Fig. 2b) , indicating that the contextual fear conditioning training decreased sWs. similar comparison revealed no significant difference between subcD-lesion and Other-lesion animals (t (21) = 0.28, p > 0.05; Bonferroni post-test) on the percentages of time spent in sWs during this first 2-h period after fear conditioning training, indicating that the contextual fear conditioning training decreased sWs equally in subcD-lesion and Other-lesion animals. Unlike during the first 2 h, during the 2-to 4-and 4-to 6-h periods, the total percentages of time spent in sWs were comparable between No-lesion/control, subcD-lesion, and Otherlesion animals (Fig. 2b) , indicating that the contextual fear conditioning training-induced decrease in sWs lasted only for the first 2 h. a two-factor aNOVa on the total percentage of time spent in REM sleep indicated significant main effects of group (F (2,75) = 193.4, p < 0.001), time (F (2,75) = 112.3, p < 0.001), and a group × time interaction (F (4,75) = 12.4, p < 0.001). Post hoc comparisons (Bonferroni post-test) revealed that compared with the No-lesion/control animals, subcD-lesion animals spent significantly less time in REM sleep during the 0-yo 2-h (t (13) = 5.57, p < 0.001), 2-to 4-h (t (13) = 13.8, p < 0.001), and 4-to 6-h (t (13) = 8.74, p < 0.001) blocks of time after contextual fear conditioning training (Fig. 2c) . similarly, Otherlesion animals also spent significantly less time during the 0-to 2-h (t (19) = 6.17, p < 0.001), 2-to 4-h (t (19) = 15.6, p < 0.001), and 4-to 6-h (t (19) = 11.0, p < 0.001) blocks of time after contextual fear conditioning training (Fig. 2c) . these results indicate that fear conditioning training decreased total percentage of time spent in REM sleep in both subcD-lesion and Other-lesion animals equally and this effect lasted for the entire 6-h period of recordings.
Effects of P-wave generator lesion on contextual fear memory to determine the effect of P-wave generator lesion on the development of contextual fear memory, 24 h after fear conditioning and control training, subcD-lesion, Otherlesion, and No-lesion/control animals were re-exposed to the original training context without any foot-shock for a 5-min period (contextual fear memory testing session). a one-factor aNOVa (Kruskal-Wallis test) on the percentages of time spent in freezing during this 5-min test session revealed a significant difference between subcDlesion, Other-lesion, and No-lesion/control animals (F (2,25) = 20.4, p < 0.001). Post hoc analysis (Bonferroni multiple comparison test) revealed that the total percentages of time spent in freezing behavior were not significantly different between No-lesion/control and subcDlesion animals (t = 0.29; not significant), indicating that subcD animals failed to develop contextual fear memory (Fig. 2D) . On the contrary, compared with No-lesion/ control animals, Other-lesion animals spent significantly much higher percentages of time (t = 17; p < 0.001) in freezing behavior, indicating development of a strong contextual fear memory in Other-lesion animals (Fig. 2d) .
Post hoc analysis also revealed that compared with subcDlesion animals, Other-lesion animals spent significantly more time in freezing behavior (t = 18; p < 0.001; Fig. 2d ). these collective data indicate that animals with electrode implantation-induced damage within the P-wave generator failed to develop contextual fear memory. additionally, these data also indicate that electrode implantation-induced brain damage near the P-wave generator area does not prevent development of contextual fear memory.
Discussion
the major finding of the present study is that bilateral damage within the subcD, although unintentional, interrupted retention of context-associated fear memory. In addition, it was observed that in both intact subcD and subcDdamaged animals, context-associated fear conditioning resulted in a decrease in the amount of time spent in sWs and REM sleep during the 6-h period after training. Recent studies in both rats and mice have shown that total sleep or REM sleep deprivation during the 6-h period following contextual and cued fear conditioning impairs fear memory consolidation (Graves et al. 2001; McDermott et al. 2003; Ruskin et al. 2004; silvestri 2005; Kumar and Jha 2012) . however, in contrast, the results of this study show that in animals with intact subcD nuclei, context-associated fear conditioning-induced reduction in sWs and REM sleep did not affect the consolidation of context-associated fear memory. Fig. 2 Effects of P-wave recording electrode implantation-induced brain damage and context-associated fear conditioning training on percentage of time spent in wakefulness, slow-wave sleep, and REM sleep, and also retention of context-associated fear memory. the wakefulness (a), slow-wave sleep (b), and REM sleep (c) effects were observed during the a 6-h sleep-wake recording period following context-associated fear conditioning. Note the significant increase in wakefulness (a) and decrease in slow-wave sleep (b) during the first 2-h block of sleep-wake recordings in rats that received context-associated fear conditioning training (subcD-lesion and Other-lesion) than rats that received control training (No-lesion/control). Rats that received context-associated fear conditioning training (subcDlesion and Other-lesion) spent significantly less time in REM sleep (c) during all three 2-h blocks of sleep-wake recordings than rats received control training (No-lesion/control). d Percentages of time spent in freezing behavior (% freezing) during context-associated fear memory testing. Note that compared with control rats (without P-wave recording electrodes, No-lesion/control), significantly higher levels of freezing were seen in rats in the Other-lesion group, but not in rats of the subcD-lesion group. this finding suggests strongly that the subcD-lesion alone impaired context-associated fear conditioning memory. Post hoc test (Bonferroni): *p < 0.001, compared with No-lesion/control; Δp < 0.001, compared with subcD-lesion context-associated fear conditioning is an associative learning task in which animals learn to fear an environment (context) through development of an association between a particular context and an aversive foot-shock (for review see Maren 2001). When exposed to the same context sometime after training, animals exhibit a variety of fear responses, including freezing behavior (Blanchard and Blanchard 1969; Fanselow 1980) . In recent decades, important progress has been made in identifying the essential neuronal circuits and cellular-molecular mechanisms for the consolidation of context-associated fear memory (reviewed in Kim and Jung 2006; Pape and Pare 2010; Maren et al. 2013) . Many years of research on rodents and humans, using lesion, neurophysiological, functional neuroanatomical, molecular, and pharmacological methods, have produced a large body of evidence, suggesting that a neural circuit including the hippocampus, amygdala, and medial prefrontal cortex is involved in the learning and memory processes that enable context-associated behavior (Kim et al. 1993; logue et al. 1997; Bourtchouladze et al. 1998; abel and lattal 2001; Maren and Quirk 2004; Kim and Jung 2006; Wiltgen et al. 2006; Pape and Pare 2010; Maren et al. 2013 ). the present study, for the first time, demonstrates that damage to the subcD prevents the retention of context-associated fear memory. this result suggests that in addition to other areas of the brain, the subcD is an element in the neuronal circuitry supporting the consolidation of context-associated fear memory. however, it is certainly possible that damage to the subcD caused by the implantation of P-wave recording electrodes might have also damaged passing fibers and vasculature and had an impact on the experimental outcome. therefore, to support or to rule out this possibility, future studies are necessary to confirm our interpretation by producing small localized lesions with microinjection of ibotenic acid directly into the subcD. Indeed, one study has shown that the selective elimination of cell bodies, by microinjection of ibotenic acid directly into the subcD, impairs the consolidation of two-way active avoidance memory ), thus suggesting a role in memory processing by subcD. another possibility is that the damage to the subcD caused by the implantation of P-wave recording electrodes might have damaged the locus coeruleus (lc). this suggestion is based on the fact that the subcD is very close to the lc, and it has been already suggested that the lc contributes to learning and cognitive flexibility (Watts et al. 2012) . therefore, in this study, the damage to the lc might have impaired consolidation of context-associated fear memory. however, our histological examinations revealed very little or no damage in the lc of animals that were implanted with P-wave electrodes. Future localized lesion study, described above, will also be able to support or rule out the involvement of lc in this subcD-lesion-induced impairment of context-associated fear memory consolidation. In evaluating the significant outcome of this study, having no "lesioned-No-shocked" and "No-lesionshocked" groups could be viewed as a weakness. however, the lack of "lesioned-No-shocked" animals is mitigated by using the baseline s-W for the no-shocked condition. also, the lack of No-lesioned-shocked animals may not be a serious concern because there are several studies that have already shown that non-lesioned control animals, like lesioned animals in this study, spent significantly less time in sleep after context-associated fear conditioning training (huang et al. 2010; Maclean and Datta 2007; Wellman et al. 2008) .
at this time, based on the existing literature, we can only speculate about the mechanisms of how subcD is involved in the consolidation of context-associated fear memory. For example, various cellular and molecular studies have demonstrated that glutamate-induced neuronal activation-dependent gene expression and protein synthesis in the dorsal hippocampus and amygdala are necessary for memory processing and behavioral plasticity (Guzowski et al. 2001; Kandel 2001; Rebeiro et al. 2002; lee et al. 2004; Datta et al. 2008) . also, brain-derived neurotrophic factor (BDNF) has been shown to contribute to neuronal activity-dependent processes such as long-term potentiation (Bramham and Messaoudi 2005; heldt et al. 2007) and associative memory formation (Bliss and collingridge 1993; Whitlock et al. 2006) . there is increasing behavioral evidence indicating that BDNF gene expression is induced in the hippocampus and amygdala after contextual and spatial learning and that this mechanism is essential for normal learning and memory (hall et al. 2000) . More importantly, consolidation of fear memory requires plasticity within the prefrontal cortex, hippocampus, and amygdala, which in turn depends on N-methyl-d-aspartate (NMDa) receptors, protein kinases, and protein synthesis (Morris et al. 1986; tsien et al. 1996; Bourtchouladze et al. 1998; lee and Kim 1998; Fendt and Fanselow 1999; lee and Kesner 2002; Kim and Jung 2006; choi et al. 2010) . additionally, it has been shown that the dorsal hippocampus and amygdala receive direct anatomical projections from P-wave generating cells and activation of the P-wave generator increases both glutamate release in the dorsal hippocampus and frequency of hippocampal theta wave activity (Datta et al. 1998; Karashima et al. 2004; Datta 2006) . More recently, studies have shown that the activation of the P-wave generator increases expression of phosphorylated cyclic adenosine mono phosphate response element binding (pcREB), activity-regulated cytoskeletal-associated (arc), and BDNF proteins and early growth response-1 (Egr-1), arc, and BDNF mRNa expressions in the dorsal hippocampus and amygdala (Datta et al. 2008) . the synthesis of this information suggests the hypothesis that the activation of P-wave generating cells in the subcD is a neurochemical switch that increases glutamate release in the forebrain areas, especially in the dorsal hippocampus and amygdala, to activate NMDa receptors. such activation could then ultimately initiate or intensify the cellular and molecular steps in the forebrain that are necessary for the consolidation of context-associated fear memory. this mechanism may explain why in this study, damage to the P-wave generating cells in the subcD has impaired context-associated fear memory consolidation.
In recent years, a number of studies in rats and mice have shown that sleep deprivation from 0 to 5 h after fear conditioning training is sufficient to impair consolidation of fear conditioning memory (Florian et al. 2011; Graves et al. 2003; Ruskin et al. 2004; silva et al. 2004; Vecsey et al. 2009; Kumar and Jha 2012) . these studies suggest a requirement for discrete periods of undisturbed sleep following fear conditioning to successfully achieve consolidation of the fear memory. the results of the present study have demonstrated that fear conditioning training significantly reduced the amount of both sWs and REM sleep, yet these animals were able to successfully consolidate context-associated fear memory. collectively, based on the results of earlier sleep deprivation studies and the present study, we now suggest that consolidation of conditioned fear memory requires post-training sleep, but it can be completed within a period of sleep shorter than the normal duration of sleep. therefore, the consolidation processes for the contextual fear memory might be different than many other types of memory, because most other known memory consolidation processes require an additional amount of post-training sleep (smith 1985 , 1995 Datta 2010) . however, these data do not preclude the possibility that contextual fear conditioning training may have increased and/or decreased sWs and/or REM sleep in another time period (between the 7th h and the beginning of testing at the 24th h) when we did not record polygraphic signs of s-W activity (smith et al. 1980; Gisquet-Verrier and smith 1989; smith 1995 Fogel et al. 2009 ).
In summary, we have identified an anatomical site within the brain stem, the subcD, that, when damaged, produces impaired consolidation of context-associated fear memory. since the REM sleep P-wave generating cells are located in this part of the brain, the results of our experiments suggest that the P-wave generating cells might be involved in the consolidation of context-associated fear memory. thus, the results of these experiments lay the behavioral and anatomical foundation for subsequent detailed examination of the cellular and molecular underpinnings of sleep-dependent emotional memory processing.
